Lorentz covariant nucleon self-energy decomposition of the nuclear
  symmetry energy by Cai, Bao-Jun & Chen, Lie-Wen
ar
X
iv
:1
20
2.
56
58
v2
  [
nu
cl-
th]
  2
4 M
ar 
20
12
Lorentz covariant nucleon self-energy decomposition of the nuclear symmetry energy
Bao-Jun Cai1 and Lie-Wen Chen∗1, 2
1Department of Physics, Shanghai Jiao Tong University, Shanghai 200240, China
2Center of Theoretical Nuclear Physics, National Laboratory of Heavy-Ion Accelerator, Lanzhou, 730000, China
(Dated: November 4, 2018)
Using the Hugenholtz-Van Hove theorem, we derive analytical expressions for the nuclear symme-
try energy Esym(ρ) and its density slope L(ρ) in terms of the Lorentz covariant nucleon self-energies
in isospin asymmetric nuclear matter. These general expressions are useful for determining the
density dependence of the symmetry energy and understanding the Lorentz structure and the mi-
croscopic origin of the symmetry energy in relativistic covariant formulism. As an example, we
analyze the Lorentz covariant nucleon self-energy decomposition of Esym(ρ) and L(ρ) and derive the
corresponding analytical expressions within the nonlinear σ-ω-ρ-δ relativistic mean field model.
PACS numbers: 21.65.Ef, 24.10.Jv, 21.30.Fe
I. INTRODUCTION
In the current research of nuclear physics and astro-
physics, there is of great interest to study the density de-
pendence of the nuclear symmetry energy Esym(ρ) that
essentially characterizes the isospin dependent part of
the equation of state (EOS) of asymmetric nuclear mat-
ter. The exact knowledge on the symmetry energy is
important for understanding not only many problems in
nuclear physics, but also many critical topics in astro-
physics [1–6] as well as some interesting issues regarding
possible new physics beyond the standard model [7–9].
During the last decade, although significant progress has
been made both experimentally and theoretically on con-
straining the density dependence of the symmetry en-
ergy [5, 6, 10–13] (see, e.g., Refs. [14–18] for review
of recent progress), large uncertainties on Esym(ρ) still
exist, especially its super-normal density behavior re-
mains elusive and largely controversial [19–22]. To re-
duce the uncertainties of the constraints on Esym(ρ) is
thus of critical importance and remains a big challenge
in the community, and this provides a strong motivation
for studying isospin nuclear physics in radioactive nuclei
at the new/planning rare isotope beam facilities around
the world, such as CSR/Lanzhou and BRIF-II/Beijing
in China, RIBF/RIKEN in Japan, SPIRAL2/GANIL in
France, FAIR/GSI in Germany, FRIB/NSCL in USA,
SPES/LNL in Italy, and KoRIA in Korea.
Theoretically, the uncertainties of the constraints on
Esym(ρ) are mainly due to the lack of knowledge about
the isospin dependence of in-medium nuclear effective in-
teractions and the limitations in the techniques for solv-
ing the nuclear many body problem. Very recently, it has
been proposed that it is very useful to directly decompose
Esym(ρ) in terms of some relevant parts of the commonly
used underlying nuclear effective interaction in nuclear
medium [14, 23, 24]. Based on the Hugenholtz-Van Hove
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(HVH) theorem, indeed, the Esym(ρ) can be decomposed
analytically in terms of the single-nucleon potential in
asymmetric nuclear matter and the resulting expressions
are quite general and independent of the detailed nature
of the nucleon interactions, providing an important and
physically more transparent approach to extract informa-
tion on the symmetry energy from the isospin dependence
of strong interaction in nuclear medium and understand
why the symmetry energy predicted from various models
is so uncertain [22, 24]. In these works, the decomposi-
tion of Esym(ρ) is based on non-relativistic framework. It
is thus of great interest to explore more general decom-
position within relativistic covariant framework, which is
the main motivation of the present work.
II. COVARIANT SELF-ENERGY
DECOMPOSITION OF Esym(ρ) AND L(ρ)
The relativistic covariant formulation has made great
success during the last decades in understanding many
nuclear phenomena [25–27]. In particular, the mi-
croscopic relativistic covariant Dirac-Brueckner-Hartree-
Fock (DBHF) approach [28–33] has achieved impressive
success in describing the saturation properties of nuclear
matter without any need to introduce a three-nucleon
force required in the microscopic non-relativistic BHF
calculations (see, e.g., Refs. [34, 35]). It has been argued
that in non-relativistic calculations the three-nucleon
forces must be introduced to mimic the variation of the
Dirac spinors in the nuclear medium contained in rela-
tivistic covariant approach [32]. In addition, the Lorentz
covariant decomposition of the nuclear mean field poten-
tial has been shown to be very important for understand-
ing the dynamics in heavy ion collisions at relativistic en-
ergies [36–38]. These features imply that the Lorentz co-
variance could be important for understanding the higher
energy/density nuclear phenomena, e.g., the high density
behaviors of the symmetry energy.
Owing to the translational, rotational and time-
reversal invariance, parity conservation, and hermitic-
ity, the Lorentz covariant nucleon self-energy in the rest
2frame of asymmetric nuclear matter with baryon density
ρ = ρn + ρp and isospin asymmetry α = (ρn − ρp)/ρ can
be written generally as [25, 29, 39–41],
ΣJ(ρ, α, |k|) =ΣJS(ρ, α, |k|) − γµΣ
µ,J (ρ, α, |k|)
=ΣJS(ρ, α, |k|) + γ
0ΣJV(ρ, α, |k|)
+γ · k0ΣJK(ρ, α, |k|), (1)
where J = n or p is isospin index; ΣJS(ρ, α, |k|) is
the scalar self-energy, ΣJV(ρ, α, |k|) ≡ −Σ
0,J(ρ, α, |k|)
and ΣJK(ρ, α, |k|) are, respectively, the zeroth compo-
nent and the space component of the vector self-energy
Σµ,J(ρ, α, |k|), and they all generally depend on ρ, α and
the magnitude of the nucleon momentum |k| (Minkowski
metric is gµν = (+,−,−,−)); k
0 = k/|k| is the unit vec-
tor of momentum k. A proof of Eq. (1) can be found in
Ref. [25]. Accordingly, the single-nucleon energy can be
expressed as [25, 29, 39–41]
EJ(ρ, α, |k|) = E∗J (ρ, α, |k|) + ΣJV(ρ, α, |k|), (2)
with
E∗J(ρ, α, |k|) =
√
[k∗J (ρ, α, |k|)]
2
+ [M∗J (ρ, α, |k|)]
2,
(3)
where the nucleon effective (Dirac) mass M∗J (ρ, α, |k|)
and effective momentum kJ∗(ρ, α, |k|) are defined, re-
spectively, as
M∗J (ρ, α, |k|) = M +Σ
J
S (ρ, α, |k|), (4)
k
∗J (ρ, α, |k|) = k+ k0ΣJK(ρ, α, |k|), (5)
with M being the nucleon mass.
Due to the exchange symmetry between protons and
neutrons in nuclear matter, the EOS of asymmetric nu-
clear matter, defined by its binding energy per nucleon,
can be expanded as a power series of even-order terms in
α as
E(ρ, α) ≃ E0(ρ) + Esym(ρ)α
2 +O(α4), (6)
where E0(ρ) = E(ρ, α = 0) is the EOS of symmetric
nuclear matter, and the symmetry energy is expressed as
Esym(ρ) =
1
2
∂2E(ρ, α)
∂α2
∣∣∣∣
α=0
. (7)
Around the nuclear matter saturation density ρ0, the
symmetry energy can be expanded as
Esym(ρ) ≃ Esym(ρ0) + Lχ+O(χ
2), (8)
where χ = (ρ − ρ0)/3ρ0 is a dimensionless variable, and
L = L(ρ0) is the density slope parameter of the symme-
try energy at ρ0 and thus carries important information
on the symmetry energy at both high and low densities.
Generally, the slope parameter of the symmetry energy
at arbitrary density ρ is defined as
L(ρ) = 3ρ
dEsym(ρ)
dρ
. (9)
According to the HVH theorem [42, 43], the nucleon
chemical potential in asymmetric nuclear matter should
be equal to its Fermi energy (the single-nucleon energy
at Fermi surface), i.e.,
EJF (ρ, α, k
J
F) =
∂[ρE(ρ, α)]
∂ρJ
+M, (10)
where EJF (ρ, α, k
J
F) ≡ E
J (ρ, α, kJF) is the nucleon Fermi
energy, and kJF = kF(1 + τ
J
3 α)
1/3 (we assume τn3 = 1
and τp3 = −1 in this work) is the nucleon Fermi momen-
tum with kF = (3π
2ρ/2)1/3 being the Fermi momentum
in symmetric nuclear matter at density ρ. It should be
noted that the HVH theorem is independent of the de-
tailed nature of the interactions used and is valid for any
interacting self-bound infinite Fermi system, such as in-
finite nuclear matter [41–43].
Expanding E(ρ, α) as a power series of even-order
terms in α on the right-hand side of Eq. (10), we can
obtain∑
J=p,n
τJ3 E
J
F (ρ, α, k
J
F) =
∑
i=1
4iEsym,2i(ρ)α
2i−1, (11)
∑
J=p,n
EJF (ρ, α, k
J
F) =2
∂[ρE0(ρ)]
∂ρ
+ 2M
+2
∂
∂ρ
∑
i=1
ρEsym,2i(ρ)α
2i, (12)
where Esym,2i(ρ) ≡ [1/(2i)!][∂
2iE(ρ, α)/∂α2i]α=0 are the
symmetry energies of different orders and particularly
we have Esym,2(ρ) ≡ Esym(ρ). Furthermore, expanding
EJF (ρ, α, k
J
F) as a power series of α on the left-hand side
of Eq. (11) and Eq. (12), and comparing the coefficients
of the first-order α terms on both left- and right-hand
sides of Eq. (11), we then obtain
Esym(ρ) =
1
4
d
dα

 ∑
J=p,n
τJ3 E
J
F (ρ, α, k
J
F)


∣∣∣∣∣∣
α=0
, (13)
while comparing the coefficients of second-order α terms
on both sides of Eq. (12) leads to the following expres-
sion:
L(ρ) =
3
4
d2
dα2

 ∑
J=p,n
EJF (ρ, α, k
J
F)


∣∣∣∣∣∣
α=0
+ 3Esym(ρ).
(14)
Substituting Eq. (2) into Eq. (13), we can obtain
Esym(ρ) =E
kin
sym(ρ)
+E0,mom,Ksym (ρ) + E
0,mom,S
sym (ρ) + E
0,mom,V
sym (ρ)
+E1st,Ksym (ρ) + E
1st,S
sym (ρ) + E
1st,V
sym (ρ), (15)
where Ekinsym(ρ), E
0,mom,O
sym (ρ) and E
1st,O
sym (ρ) (here O de-
notes K, S or V) represent, respectively, the contribu-
tions from the kinetic part, the momentum dependence
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and the first-order symmetry self-energies, and they can
be expressed analytically as
Ekinsym(ρ) =
kFk
∗
F(ρ)
6E∗F(ρ)
, (16)
E0,mom,Ksym (ρ) =
kFk
∗
F(ρ)
6E∗F(ρ)
∂Σ0K(ρ, |k|)
∂|k|
∣∣∣∣
|k|=kF
, (17)
E0,mom,Ssym (ρ) =
kFM
∗
0 (ρ)
6E∗F(ρ)
∂Σ0S(ρ, |k|)
∂|k|
∣∣∣∣
|k|=kF
, (18)
E0,mom,Vsym (ρ) =
kF
6
∂Σ0V(ρ, |k|)
∂|k|
∣∣∣∣
|k|=kF
, (19)
E1st,Ksym (ρ) =
1
2
k∗F(ρ)Σ
sym,1
K (ρ, |k| = kF)
E∗F(ρ)
, (20)
E1st,Ssym (ρ) =
1
2
M∗0 (ρ)Σ
sym,1
S (ρ, |k| = kF)
E∗F(ρ)
, (21)
E1st,Vsym (ρ) =
1
2
Σsym,1V (ρ, |k| = kF), (22)
where k∗F(ρ) = kF +Σ
0
K(ρ, kF), M
∗
0 (ρ) = M +Σ
0
S(ρ, kF),
E∗F(ρ) = (k
∗2
F +M
∗2
0 )
1/2, Σ0K(ρ, |k|) = Σ
J
K(ρ, α = 0, |k|),
Σ0S(ρ, |k|) = Σ
J
S(ρ, α = 0, |k|), Σ
0
V(ρ, |k|) = Σ
J
V(ρ, α =
0, |k|), and the i-th order symmetry self-energy is defined
as (here O = K,S,V)
Σsym,iO (ρ, |k|) =
1
i!
∂i
∂αi

 ∑
J=p,n
τJi3 Σ
J
O(ρ, α, |k|)
2


∣∣∣∣∣∣
α=0
.
(23)
Furthermore, Eq. (15) can be rewritten as
Esym(ρ) =
|k|2
6M∗0,Lan(ρ, |k|)
∣∣∣∣∣
|k|=kF
+ E1st,Ksym (ρ) + E
1st,S
sym (ρ) + E
1st,V
sym (ρ), (24)
where M∗0,Lan(ρ, |k|) is the nucleon Landau mass
in symmetric nuclear matter, i.e., M∗0,Lan(ρ, |k|) =
|k|[d|k|/dE0(ρ, |k|)]−1 (see, e.g., Ref. [44]) with
E0(ρ, |k|) = EJ (ρ, α = 0, |k|), and one can
easily verify the relation k2F/6M
∗
0,Lan(ρ, kF) =
Ekinsym(ρ) + E
0,mom,K
sym (ρ) + E
0,mom,S
sym (ρ) + E
0,mom,V
sym (ρ). In
this way, we have decomposed analytically the symmetry
energy Esym(ρ) in terms of the Lorentz covariant nucleon
self-energies in asymmetric nuclear matter.
Similarly, by substituting Eq. (2) into Eq. (14), the
slope parameter L(ρ) can be decomposed as
L(ρ) =Lkin(ρ) + Lmom(ρ) + L1st(ρ)
+ Lcross(ρ) + L2nd(ρ), (25)
with
Lkin(ρ) =
kFk
∗
F
6E∗F
+
k2FM
∗2
0
6E∗3F
, (26)
Lmom(ρ) =
k2FM
∗2
0
3E∗2F
∂Σ0K
∂|k|
∣∣∣∣
|k|=kF
+
k2F
6
[
k∗F
E∗F
∂2Σ0K
∂|k|2
+
M∗0
E∗F
∂2Σ0S
∂|k|2
+
∂2Σ0V
∂|k|2
]
|k|=kF
+
kF
6
[
k∗F
E∗F
∂Σ0K
∂|k|
+
M∗0
E∗F
∂Σ0S
∂|k|
+
∂Σ0V
∂|k|
]
|k|=kF
+
k2F
6E∗3F
[
M∗20
(
∂Σ0K
∂|k|
)2
+ k∗2F
(
∂Σ0S
∂|k|
)2]
|k|=kF
−
k2Fk
∗
FM
∗
0
3E∗3F
[
∂Σ0S
∂|k|
(
1 +
∂Σ0K
∂|k|
)]
|k|=kF
, (27)
L1st(ρ) =
3
2E∗3F
[
M∗0Σ
sym,1
K − k
∗
FΣ
sym,1
S
]2
+
3
2
[
k∗F
E∗F
Σsym,1K +
M∗0
E∗F
Σsym,1S +Σ
sym,1
V
]
+
kFM
∗2
0 Σ
sym,1
K
E∗3F
−
kFk
∗
FM
∗
0Σ
sym,1
S
E∗3F
, (28)
Lcross(ρ) =
kF
[
k∗F
E∗F
∂Σsym,1K
∂|k|
+
M∗0
E∗F
∂Σsym,1S
∂|k|
+
∂Σsym,1V
∂|k|
]
|k|=kF
−
kFΣ
sym,1
K
E∗F
[
k∗2F
E∗2F
(
∂Σ0K
∂|k|
+
M∗0
k∗F
∂Σ0S
∂|k|
)
−
∂Σ0K
∂|k|
]
|k|=kF
−
kFΣ
sym,1
S
E∗F
[
M∗20
E∗2F
(
k∗F
M∗0
∂Σ0K
∂|k|
+
∂Σ0S
∂|k|
)
−
∂Σ0S
∂|k|
]
|k|=kF
,
(29)
L2nd(ρ) = 3
[
k∗F
E∗F
Σsym,2K +
M∗0
E∗F
Σsym,2S +Σ
sym,2
V
]
. (30)
On the right-hand side of Eqs. (26)-(30), the density
and momentum dependence have been suppressed with
Σsym,iO = Σ
sym,i
O (ρ, |k| = kF) (O = K,S,V). Eq. (15) (or
(24)) and Eq. (25) are two main results of this work.
III. APPLICATION TO THE NONLINEAR
σ-ω-ρ-δ RMF MODEL
The nucleon self-energies can be calculated theoreti-
cally from a certain relativistic covariant approach or ex-
tracted experimentally (around ρ0) from the Dirac phe-
nomenology of nucleon-nucleus scattering. The Lorentz
covariant nucleon self-energy decompositions of Esym(ρ)
in Eq. (15) (or (24)) and L(ρ) in Eq. (25) are gen-
eral and they are useful for determining the density de-
pendence of the symmetry energy and understanding its
Lorentz structure and the microscopic origin. As an ex-
ample, we consider here the nonlinear σ-ω-ρ-δ relativistic
mean field (RMF) model which is based on effective inter-
action Lagrangians involving nucleon and meson fields,
and has been widely discussed in the literature (see, e.g.,
Ref. [44]). A very useful feature of this model is that
4the nucleon self-energies in asymmetric nuclear matter
can be obtained analytically and this makes our analysis
physically transparent. The Lagrangian density of the
nonlinear σ-ω-ρ-δ RMF model can be expressed as (see,
e.g., Ref. [44]):
L =ψ¯ [γµ(i∂
µ − gωω
µ)− (M − gσσ)]ψ
+
1
2
(
∂µσ∂
µσ −m2σσ
2
)
−
1
4
FµνF
µν +
1
2
m2ωωµω
µ
−
1
3
bσM(gσσ)
3 −
1
4
cσ(gσσ)
4 +
1
4
cω(g
2
ωωµω
µ)2
+
1
2
(
∂µ~δ · ∂
µ~δ −m2δ
~δ
2
)
+
1
2
m2ρ~ρµ · ~ρ
µ −
1
4
~Gµν · ~G
µν
+
1
2
(
g2ρ~ρµ · ~ρ
µ) (ΛSg2σσ2 + ΛVg2ωωµωµ)
−gρ~ρµ · ψ¯γ
µ~τJψ + gδ~δ · ψ¯~τ
Jψ, (31)
where Fµν ≡ ∂µων − ∂νωµ and ~Gµν ≡ ∂µ~ρν − ∂ν~ρµ
are strength tensors of ω field and ρ field, respectively
while ψ, σ, ωµ, ~ρµ and
~δ are nucleon field, isoscalar-
scalar field, isoscalar-vector field, isovector-vector and
isovector-scalar field, respectively, and the arrows denote
the isospin vector. ΛS and ΛV are two cross-coupling
constants for varying the density dependence of Esym(ρ),
and mσ, mω, mρ, and mδ are masses of mesons.
In the RMF model, meson fields are replaced by their
expectation values, i.e., σ¯ → σ, ω¯0 → ωµ, ρ¯
(3)
0 → ~ρµ,
where the subscript “0” denotes the zeroth component
of the four-vector while the superscript “(3)” denotes the
third component of isospin, Furthermore, the space-like
self-energy ΣJK(ρ, δ, |k|) vanishes (due to the Hartree ap-
proximation in the RMF model) while the scalar and
time-like self-energies are momentum independent, i.e.,
ΣJS(ρ, α) = −gσσ¯ + τ
J
3 gδ δ¯
(3), (32)
ΣJV(ρ, α) = gωω¯0 − τ
J
3 gρρ¯
(3)
0 . (33)
The symmetry energy then can be decomposed as
Esym(ρ) =E
kin
sym(ρ) + E
1st,S
sym (ρ) + E
1st,V
sym (ρ)
=
k2F
6E∗F
+
1
2
M∗0Σ
sym,1
S (ρ)
E∗F
+
1
2
Σsym,1V (ρ), (34)
where the (1st-order) symmetry self-energies are
Σsym,1S (ρ) = −
g2δM
∗
0 ρ
E∗FQδ
, (35)
Σsym,1V (ρ) = +
g2ρρ
Qρ
, (36)
with Qδ = m
2
δ +3g
2
δ(ρS/M
∗
0 − ρ/E
∗
F), ρS being the scalar
density, and Qρ = m
2
ρ + ΛSg
2
σg
2
ρσ¯
2 + ΛVg
2
ωg
2
ρω¯
2
0 . We
note that the above analytical expression for Esym(ρ) is
exactly the same as the one obtained from the normal
approach (see, e.g., Ref. [44]). Similarly, the slope pa-
rameter L(ρ) can be decomposed as
L(ρ) = Lkin(ρ) + L1st(ρ) + L2nd(ρ), (37)
with
Lkin(ρ) =
k2F(E
∗2
F +M
∗2
0 )
6E∗3F
, (38)
L1st(ρ) =
3
2
[
M∗0Σ
sym,1
S (ρ)
E∗F
+Σsym,1V (ρ)
]
+
3k2F
2E∗3F
[
Σsym,1S (ρ)
]2
−
M∗0 k
2
FΣ
sym,1
S (ρ)
E∗3F
, (39)
L2nd(ρ) =3
[
M∗0Σ
sym,2
S (ρ)
E∗F
+Σsym,2V (ρ)
]
, (40)
where the 2nd-order symmetry self-energies are
Σsym,2S (ρ) =−
gσ
2Qσ
(
g2δM
∗2
0 ρΓ
E∗2F Qδ
−
2g2δM
∗
0 k
2
Fρ
2
E∗4F Qδ
−
gσM
∗
0 k
2
Fρ
3E∗3F
+
2g2σg
4
ρΛSσ¯ρ
2
Q2ρ
)
, (41)
Σsym,2V (ρ) =−
g3ωg
4
ρΛVω¯0ρ
2
QωQ2ρ
, (42)
with Qσ = m
2
σ + g
2
σ(3ρS/M
∗
0 − 3ρ/E
∗
F) + 2bσMg
3
σσ¯ +
3cσg
4
σσ¯
2, Qω = m
2
ω+3cωg
4
ωω¯
2
0 and Γ = 3gσg
2
δ(2ρS/M
∗2
0 −
3ρ/M∗0E
∗
F + M
∗
0 ρ/E
∗3
F ). To the best of our knowledge,
the above formulas give, for the first time, the analyti-
cal expression of the slope parameter L(ρ) in the non-
linear RMF model. The above analytical expressions of
Esym(ρ) and L(ρ) can be easily generalized to the case
of the density dependent RMF model that has similar
isospin structure as the nonlinear RMF model [44]. It
should be mentioned that these analytical expressions
for Esym(ρ) and L(ρ) are very useful for determining the
isovector parameters in the RMF model by fitting the
empirical properties of asymmetric nuclear matter (see,
e.g., Ref. [45] for such a procedure in the case of the
isoscalar sector).
Shown in Fig. 1 is the density dependence of Esym(ρ)
and its self-energy decomposition according to Eq. (34)
for four interactions, i.e., FSUGold [46], IU-FSU [47],
NLρδ [48] and HA [49]. FSUGold and IU-FSU are two ac-
curately calibrated interactions based on the ground state
properties of closed-shell nuclei, their linear response, and
the structure of neutron stars. Since FSUGold and IU-
FSU do not consider the isovector-scalar δ meson field,
one thus has Σsym,1S (ρ) = 0. On the other hand, both
NLρδ and HA include the δ meson field with the latter
fitting successfully some results obtained from the micro-
scopic DBHF approach while the former fitting the em-
pirical properties of asymmetric nuclear matter and de-
scribing reasonably well the binding energies and charge
radii of a large number of nuclei [38]. From Fig. 1, one can
see that while the kinetic contribution Ekinsym(ρ) is roughly
the same for different interactions, the different interac-
tions predict significantly different values for E1st,Ssym (ρ)
and E1st,Vsym (ρ). In particular, compared with FSUGold
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FIG. 1: (Color online) Density dependence of Esym(ρ) and its
self-energy decomposition according to Eq. (34) in the non-
linear RMF model with different interactions.
and IU-FSU, HA predicts very similar total Esym(ρ) but
significantly different E1st,Ssym (ρ) and E
1st,V
sym (ρ).
Similarly, we show in Fig. 2 the density dependence
of the slope parameter L(ρ) and its self-energy decom-
position according to Eq. (37) for FSUGold, IU-FSU,
NLρδ and HA. Again, it is seen that the different inter-
actions predict roughly same kinetic contribution Lkin(ρ)
but significantly different values for L1st(ρ) and L2nd(ρ).
In particular, one can see that the higher-order con-
tribution L2nd(ρ) from the second-order symmetry self-
energies generally cannot be neglected, agreeing well with
the recent non-relativistic calculations [24].
IV. SUMMARY AND OUTLOOK
Using the Hugenholtz-Van Hove theorem, we have
shown that the symmetry energy Esym(ρ) and its den-
sity slope L(ρ) can be decomposed analytically in terms
of the Lorentz covariant nucleon self-energies in asym-
metric nuclear matter, and the corresponding expressions
have been derived for the first time. These general ex-
pressions for the covariant self-energy decomposition of
Esym(ρ) and L(ρ) are useful for determining the den-
sity dependence of the symmetry energy, deciphering the
Lorentz structure of the symmetry energy, and under-
standing the microscopic origins of the symmetry energy.
As an example, we have analyzed the Lorentz covariant
nucleon self-energy decomposition of Esym(ρ) and L(ρ)
within the nonlinear σ-ω-ρ-δ relativistic mean field model
and derived the corresponding analytical expressions for
Esym(ρ) and L(ρ), which are potentially useful for fixing
the isovector parameters in the RMF model from fitting
the empirical properties of asymmetric nuclear matter.
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FIG. 2: (Color online) Density dependence of L(ρ) and its self-
energy decomposition according to Eq. (37) in the nonlinear
RMF model with different interactions.
From analyzing the self-energy decomposition of
Esym(ρ) and L(ρ) within the nonlinear σ-ω-ρ-δ rela-
tivistic mean field model, we have found that the re-
sults strongly depend on the interactions used and also
whether the isovector-scalar δ meson is included or not.
These results imply that it is of great importance to de-
termine individually each part of the Lorentz covariant
nucleon self-energy decomposition of Esym(ρ) and L(ρ)
from experiments (e.g., Dirac phenomenology ) or mi-
croscopic calculations based on nucleon-nucleon interac-
tions derived from scattering phase shifts (e.g., DBHF).
On the other hand, the Lorentz covariant nucleon self-
energies in asymmetric nuclear matter can also be deter-
mined from quantum chromodynamics (QCD) by means
of QCD sum-rule techniques [50, 51]. The general expres-
sions of the Lorentz covariant nucleon self-energy decom-
position of Esym(ρ) and L(ρ) presented in this work are
thus very useful for determining the symmetry energy
from QCD. These studies are in progress.
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